has been shown to interact directly with the 5#ss, the point (BP) mutations had a major effect on the U1 pat-BP, and the 3#ss, and U5 snRNA itself contributes to tern, whereas 5 splice site (5ss) mutations had a 5#ss selection through base-pairing interactions. U6 stronger effect on the U2 pattern. A 5ss-U1 snRNA snRNA base pairing ultimately replaces U1 at the 5#ss, complementation experiment suggests that pairing and rearrangements that establish base pairing bebetween U1 and the 5ss occurs after U1 recruitment tween U2 and U6 snRNAs bring the ends of the intron and contributes to a specific U1:substrate conformainto close proximity (Kandels-Lewis and Séraphin, tion required for efficient U2 and tri-snRNP re- 
despite comprising only w5% of the genes (Ares et al., 1999).
Despite the evidence that yeast introns are recognized by some of the splicing machinery during transcription, it is unclear to what extent in vivo spliceosome assembly resembles the in vitro pathway described above. Indeed, recent studies have challenged the traditional step-wise model and reinvigorated the discourse on in vivo spliceosome assembly. Complexes purified from yeast extracts under splicing-permissive low-salt conditions contain all five U snRNAs and almost all known snRNP components (Stevens et al., 2002) . The authors proposed a preassembled pentasnRNP model in which all five splicing snRNPs associate prior to substrate binding. An additional challenge comes from a trans-splicing study in which the U5 snRNP component Prp8p could be crosslinked to the 5#ss without U1 or U2 snRNP association in human cells and nematodes (Maroney et al., 2000) . These data are difficult to explain within the confines of the traditional assembly model: U1, then U2 followed by U4/ U6•U5.
As a consequence, we decided to address yeast in vivo spliceosome assembly by monitoring the cotranscriptional recruitment of multiple snRNPs using ChIP. ACT1 and an RP51A:lacZ Fusion Reporter Plasmid To address cotranscriptional spliceosome assembly, we performed ChIP with representative proteins from AAC; Figure 1A ). We also assayed a well-studied 2 m plasmid-encoded chimeric reporter gene, including the U1, U2, and U5 snRNPs. TAP-tagged U1C, Lea1p, and Prp8p, for U1, U2, and U5, respectively (Anderson et  5# Quantitative real-time PCR using five sets of primer ACT1 has a single 5# proximal intron of 307 base pairs (bp) with a consensus 5#ss (GUAUGU) and BP (UACUpairs directed to different regions of the ACT1 locus ( Figure 1A) showed that all three proteins significantly U1 snRNP shows a delayed pattern to 3#III compared to the wt reporter gene: the peak is shifted from the enriched ACT1 DNA relative to a highly transcribed region in the middle of the intronless gene PMA1 (see third to the fourth primer pair 500 bp past the intron, and higher signals extend further downstream than on Experimental Procedures). U1 snRNP recruitment peaks directly after the intron, decreases substantially 200 bp the wt gene ( Figure 3A ). This indicates that the BP influences some aspect of stable U1 snRNP recruitment. into exon 2, and continues to decrease 500 and 900 bp into exon 2 ( Figure 1B) . Importantly, the pattern of ACT1 Not surprisingly, the U2 snRNP signal is strongly decreased by the 3#III mutation ( Figure 3B) Figure 1C ; see Experimental Procedures). recruitment pattern ( Figure 3C ). The 3#III and 5#0 patterns suggest that optimal U1 snRNP recruitment reThe HZ18 patterns for all three snRNPs are similar to those of ACT1 (compare Figures 1C and 1B) , indicating quires a 5#ss as well as a BP sequence and is normally followed by a robust decrease in stable association that spliceosome assembly on plasmid-derived nascent pre-mRNAs is similar if not identical to that on with the nascent transcript. In contrast, U2 and U5 levels on 5#0 are barely dechromosomal pre-mRNAs. The U1 snRNP pattern peaks just past the intron and precedes the U2 and tectable with signals close to those when transcription is repressed. They may be even lower than those of U5 snRNP patterns, which are essentially identical and peak w500 bp after the intron. All three signals decline 3#III ( Figures 3B and 3D ). These results suggest that U1 snRNP recruitment is insufficient for stable U2 and triby w1000 bp past the intron, and the U2 and U5 signals decline further by w1400 bp. snRNP signals on HZ18 snRNP association with a nascent intron and that the failure to recruit these snRNPs is relevant to the splicare reduced to background levels when the tagged strains are grown in glucose ( Figure 1C ), because HZ18 ing deficiency of these mutant introns. Moreover, the enhanced U1 snRNP signal at the third, fourth, and fifth is under GAL4 UAS transcriptional control (Figure 2A ; Teem and Rosbash, 1983) .
primer pairs might be due to reduced U2 and/or U5 recruitment (see Discussion). The snRNP patterns on HZ18 and ACT1 suggest that a uniform spliceosome assembly-recruitment strategy is taking place on canonical yeast intron-containing na-U1 snRNP Recruitment without a 5ss or a BP scent transcripts. U2 and U4/U6•U5 tri-snRNP recruitThe 3#III and 5#0 results inspired complete deletions of ment are similar: they follow U1 snRNP and appear the HZ18 5#ss and BP regions (see Experimental Procoupled to U1 snRNP destabilization. This is based on cedures). Deletion of the GUAUGU leaves no sequence the assumption that U5 snRNP recruitment reflects triwithin the first 1900 transcribed nucleotides that resnRNP recruitment, terms that we use interchangeably sembles a 5#ss (best = three GUAUs at +275, +383, and in the rest of the text. +425). Likewise, deletion of the UACUAAC leaves no sequence that resembles a BP ( Figure 2C ; see Discussion). Deletion of the BP shifted the U1 peak from 200 Strong BP and 5ss Mutations Show Altered Assembly Patterns bp past the intron to 500 bp past the intron with a sustained and substantial signal at 1350 bp past the intron To verify and extend these spliceosome assembly results, we analyzed two HZ18 mutations that strongly ( Figure 4A ). The pattern is reminiscent of the 3#III mutant but with even higher and more sustained levels inhibit in vivo splicing ( Figure 2B ; Jacquier and Rosbash, 1986; Pikielny and Rosbash, 1985). The 3#III mu-(compare Figures 3A and 4A) . Surprisingly, the 5#ss deletion had the highest U1 levels observed in this study, tation is an A to C transversion at the BP adenosine responsible for nucleophilic attack during the first step 2-fold higher than those of the wt intron ( Figure 4C ). The results suggest that the RNA substrate requires either a of splicing (UACUAAC/UACUAcC). The 5#0 mutation is a 67 bp deletion within the intron, resulting in a mu5#ss or a BP to recruit substantial U1 snRNP but that both are needed for successful U2/U5 recruitment ( The U1 pattern is slightly delayed by the 3#I mutation ing U1C-TAP or Lea1-TAP and a knock out of the endogenous U1 snRNA covered by a plasmid expressing ( Figure 5A ), and the U2 and U5 patterns show only a modest decrease in peak levels ( Figure 5B ). The 5#II U14U or wt U1 (see Table S1 available in the Supplemental Data with this article online). These strains were patterns are more severely affected, with a larger U1 delay and a more prominent decrease in U2/U5 levels then transformed with pHZ18 or with its 5#II mutant version. (Figures 5C and 5D ). However, even the effects of the 5#II mutation are more modest than those of the Surprisingly, there was no substantial rescue of the 5#II-delayed U1 snRNP recruitment pattern by the stronger 5#0 and ⌬5 mutations (compare Figures 5C and 5D with 3C and 3D and 4C and 4D). The effects of U14U snRNA gene. Moreover, U1 recruitment to the wt HZ18 gene was even delayed in the U14U background all these mutants on U2/U5 levels correlate roughly with their splicing efficiencies, whereas the delayed and in-(compare Figures 6B and 6A) , suggesting that the G-U pair of this 5#ss-U1 combination alters some feature of creased U1 levels correlate negatively with splicing. This suggests that efficient U2 and tri-snRNP recruit-U1 recruitment relative to the wt-wt G-C pairingdespite no previously observed effect on wt splicing ment is accompanied by U1 dissociation from nascent transcription complexes. efficiency with this combination (Seraphin et al., 1988) . In contrast, the U14U snRNA gene noticeably resWe also examined a construct containing both the 5#II and 3#I mutations within the same gene. This comcued the 5#II U2 snRNP pattern; it has the same shape and a maximum at the same primer pair as the HZ18 bination eliminates mRNA production and accumulates high levels of pre-mRNA ( Figure 2E ; Jacquier et al., U2 snRNP pattern, which is similar in a U14U and in a wt U1 background ( Figures 6D and 6C) . Taken together 1985). Even U1 snRNP levels are very low ( Figure 5E) ; a stronger phenotype than from any single mutation aswith earlier results (Figures 3, 4 , and 5; Seraphin et al., 1988), the U14U experiments suggest that U1 snRNA:5#ss sayed in this study and indicative of a dual 5#ss-BP influence on U1 recruitment/retention. U2/U5 levels are base pairing is less important for initial U1 snRNP recruitment than for transitioning to a U1 snRNP-prealso low, comparable to glucose conditions ( Figure 5F ). mRNA conformation that promotes stable U2 snRNP recruitment, mature spliceosome formation, and splicEffects of a Compensating U1 snRNA Mutation The effects of the 5#II mutation on splicing were preing (see Discussion). viously shown to be partially rescued by a compensating mutation at position 4 within the 5# arm of U1 Discussion snRNA ( Figure 2F; Seraphin et al., 1988) . To assay the this study, the same assay indicates that U2 snRNP and U5 snRNP, the latter almost certainly indicative of the U1 and U2 patterns on the 5#II gene in the presence of the U14U mutation, strains were constructed contain-U4/U6•U5 tri-snRNP, are also recruited cotranscription- An important caveat is that the ChIP assay requires and the tri-snRNP followed by U1 dissociation. Cotranscriptional U2 and/or tri-snRNP levels correlate with direct or indirect crosslinking of the tagged protein to DNA. In this regard, snRNPs could be efficiently preresplicing efficiency. Finally, our data suggest that base pairing between the 5#ss and U1 snRNA is more imporcruited by promoters (even of nonintron-containing genes) but without sufficient proximity to DNA for a rotant for transitioning to the U2/tri-snRNP complexes than for U1 snRNP recruitment itself.
bust ChIP signal. Transfer of the snRNPs from the transcription machinery to nascent RNA could be accomsnRNP recruitment as assayed by ChIP is predominantly, if not completely, dependent upon intron RNA panied by a dramatic increase in nucleic acid proximity and therefore "crosslinkability," due, for example, to sequences. (1) HZ18 transcription requires galactose, and there is only a trace signal when this strain is grown snRNA-pre-mRNA base pairing. The same or additional conformational rearrangements could also result in inin glucose ( Figure 1C Although the same caveat applies to the advanced tope availability do not make a major contribution to the U1 snRNP patterns. We therefore interpret most of U1 pattern, differences between the U1 and the U2/U5 patterns are dramatic and present in all genes and conthe strong increases and decreases in ChIP signal at different gene positions as predominantly indicating structs. U1 snRNP recruitment is thought to be predominantly determined by the pre-mRNA 5#ss sechanges in snRNP recruitment or snRNP dissociation at preferred positions during transcription as the naquence and its pairing interaction with the 5# arm of U1 snRNA, as yeast U1 snRNP associates efficiently in viscent spliceosome assembly/disassembly process proceeds. We also interpret position as "time," i.e., tro with a pre-mRNA substrate containing only a 5#ss (Seraphin and Rosbash, 1989; Seraphin and Rosbash, more 5# recruitment = earlier recruitment, and the splicing mutants we study here show no systematic effect 1991). However, nuclear retention of a yeast pre-mRNA requires a BP as well as a 5#ss, suggesting that sucon polymerase density by ChIP ( Figure S1 Figleagues (Stevens et al., 2002) . The similar U2 and U5 snRNP patterns might reflect a two-step assembly ures 3A and 3B; ⌬B, Figures 4A and 4B; and 3#I, Figures  5A and 5B) . Moreover, the U1 snRNP signal on the 5#II pathway, first U1 snRNP and then a U2/4/5/6 tetrasnRNP ( Figure 1B; Stevens et al., 2002) . Although none mutant gene is dramatically reduced when combined with the 3#I mutation ( Figure 5E ). This collaborative of the cis mutations dramatically resolved the U2 and U5 patterns, our two introns might be suboptimal for view is consistent with the accompanying paper, which also shows higher U1 snRNP levels after the BP region this purpose. Indeed, data in the accompanying paper indicate separate U2 and tri-snRNP recruitment: there rather than before (Görnemann et al., 2005) . We attribute the modest differences in other snRNP patterns is a delay in the U5 pattern relative to the U2 pattern as well as a preferential effect of CBC deletions on U5 between the two papers to the different genes examined, different primer positions, possible effects of the recruitment (Görnemann et al., 2005) . These results suggest an optimistic interpretation of the small differdifferent tags, and/or minor technical differences. Not surprisingly, all three 5#ss mutants also deence between the U2 and U5 patterns in the 3#III mutant ( Figure 3B) . Alternatively, and as discussed above, creased U1 signals at the second primer pair (5#0 , Figure 3C ; ⌬5, Figure 4C ; and 5#II, Figure 5C ). A decrease these spatial/temporal differences might reflect confor- is even apparent with a wt 5#ss and the U14U snRNP There is an inverse correlation between U2/U5 levels and U1 levels. Although other interpretations are pos-( Figures 6A and 6B) , perhaps reflecting the less stable G-U base pair compared to the normal G-C base pair. sible, we suggest that successful U2 and/or U5 snRNP recruitment then results in U1 snRNP dissociation. However, the base-pairing complementation experiment was unable to restore normal U1 recruitment ( , 2002) . In any case, experiencing dissociation. We cannot exclude other possibilities, e.g., the mutant dead-end complexes rethe data indicate that the 5#ss region, the BP region, and the 5# arm of U1 snRNA are all important for opticruit unusually high levels of U1 snRNP or that they have increased formaldehyde-sensitive contacts with mal U1 snRNP recruitment (Figure 7) .
In contrast, the altered U2 snRNP pattern on the 5#II nascent RNA or DNA. We note that there is no in vitro precedent for the recruitment of U1 snRNP without a construct was rescued by the U14U gene. All of these considerations indicate that the U1 snRNA:5#ss pairing 5#ss. We also note that several of the mutants show some decrease in U1 levels even without an apparent interaction is more important for transitioning to a U2 snRNP-containing complex than for initial U1 snRNP U2 or U5 signal. This could reflect some cryptic U2 or tri-snRNP activity and/or might be due in part to the recruitment. Although the low U2 snRNP levels on 3#III can be interpreted as a direct effect of the mutant BP modest pol II signal decrease in the more 3# regions of the HZ18 genes (see Figure S1 ). In any case, most of sequence on U2 snRNA:BP interactions, it is also possible that the 3#III mutant BP creates a U1 snRNP:prethe mutant decreases in U1 signal are more modest than that from wt HZ18. mRNA configuration unfavorable for U2 snRNP recruitment. Moreover, the relative effects of the two BP The ability of the U14U snRNP to promote some in vitro U2 snRNP:pre-mRNA association without ATP mutations on U2 recruitment correlate with their reported effects on interactions with the branchpoint might also reflect this interplay between U2/tri-snRNP and U1 snRNP dissociation ( 
